Polyaniline (PANI) nanotubes were successfully synthesized using the hydrothermal method via an in situ polymerization. In the process, a fibrillar complex of FeCl 3 and methyl orange (MO), acting as the reactive self-degraded templates, directed the growth of PANI on its surface and promoted the assembly into nanotubular structures. By introducing PANI nanotubes into Au colloid, Au nanoparticles (NPs) could be decorated onto the PANI nanotube surface through the electrostatic effect. The morphology of the nanotubes and the number of decorated Au NPs could be controlled effectively by adjusting the experimental conditions. The resulting products were characterized by transmission electron microscopy (TEM), x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR). In addition, the electrocatalytic activity of the composites towards the oxidation of NADH (nicotinamide adenine dinucleotide) was studied by immobilizing PANI/Au composites on the surface of a glassy carbon electrode (GCE).
Introduction
Since Diaz and co-workers [1] first successfully prepared conductive polypyrrole (PPy) film in 1979, owing to its relatively easy preparation, good environmental stability and high degree of conductivity, the synthesis of electrically conducting polymers such as PPy, PANI and polythiophene (PTh) [2] has received considerable attention in recent years. In particular, because of its uniqueness in electronic/conducting polymers for its nonredox doping property, based on a simple acid-protonation reaction, the synthesis of nano/microstructural PANI like fibers, tubes, dots/shells, spheres etc has attracted much interest. Fox example, 'hard' templates [3] [4] [5] [6] such as polyelectrolyte-coated microspheres, sulfonated polystyrene, porous alumina membranes and thin glass tubes or 'soft' templates [7] [8] [9] [10] such as micelles, 1 Author to whom any correspondence should be addressed. surfactants and liquid crystals have been reported in the preparation of nano/microstructural PANI. Other methods like ultrasonic irradiation assisted polymerization [11] , inverse microemulsion polymerization [12] , aqueous/organic interfacial polymerization [13] , mechanochemical polymerization [14] , self-assembly process synthesis [15] , electrosynthesis [16] have also been employed in order to obtain nano/microstructural PANI. Furthermore, the synthesis of PANI with controllable morphologies was also the target of chemists. By simply decreasing the molar ratio of dopant to monomer, Zhang et al [7] synthesized salicylic acid-doped PANI with the morphology changing from one-dimensional nanotubes to three-dimensional hollow microspheres. Under hydrothermal conditions in different concentrations of the doping acid, Shi et al [17] synthesized PANI with mesostructures varying from fibers to plates and spheres. Since polymerization is usually carried out at room or lower temperature, this provided a novel way to polymerize aniline.
In recent years, the synthesis of heterogeneous conducting polymer composites, especially organic/inorganic nanocomposites, has become the subject of extensive studies [18] . It was considered an effective way to combine the features and tailor the properties of different materials, thereby achieving the desired material performance such as special mechanical, electronic, electrochemical, optical and magnetic properties and many potential applications, e.g. microelectronic devices, electrocatalysis, chemical sensors etc. In general, the preparation of conductive polymers containing metal particles consists of the following methods [19] . The first one consists of the incorporation of fine metal particles into the polymer film during polymerization processes. The second method is based on the oxidation of the monomer and further incorporation of metal particles on an already prepared polymer. The third method involves in situ reduction of metal salts or ions to their metallic form together with the polymerization processes. Among these composites, the kind that contain PANI and a large variety of inorganic particles like BaTiO 3 [20] , V 2 O 5 [21] , montmorillonite [22] , TiO 2 [23] , ZrO 2 [24] , SiO 2 [25] , Si [26] , Ag [27] , and Cu [28] has attracted considerable attention. Particularly, some methods have been explored to achieve PANI/Au composites [29] . Bertino et al [30] synthesized composite materials consisting of PANI nanofibers decorated with Ag or Au NPs through γ radiolysis. Liu et al [31] synthesized PANI nanofibers aggregated Au NPs by polymerization of aniline using chloroaurate acid (HAuCl 4 ) as the oxidant. Through a layer-by-layer technique, the composite of PANI/Au multilayer films was synthesized by Knoll's group [32] and was used for the electrochemical oxidation of NADH and detection of DNA. Au-decorated PANI nanoballs were synthesized by Scurrell et al [33] using HAuCl 4 as an oxidizing agent. PANI NPs and PANI/Au composite NPs were 'one pot' synthesized using vapor phase introduction of an aniline monomer in Chattopadhyay's group [34] . A PANI/Au composite hollow sphere was synthesized and used for the detection of dopamine in our group [4] . However, to the authors' knowledge, only a few papers on the synthesized PANI composite with nanotubal morphology have been published [35] .
Herein, we describe how we synthesized PANI nanotubes under hydrothermal condition via an in situ polymerization. Fibrillar complex of FeCl 3 and methyl orange (MO), acting as the reactive self-degraded template, directed the growth of PANI on its surface and promoted the assembly into nanotubular structures. To our best knowledge, this was a novel report for the synthesis of microstructural PANI with controllable morphology using a self-degraded template. In the reaction process, the morphology of PANI varied from fibers to nanotubes when the pH value of the solution and the reactant molar ratio were altered accordingly. By introducing PANI nanotubes into the Au colloid, a PANI/Au composite was obtained through the electrostatic effect between PANI and Au NPs. The resulting products were characterized by TEM, XRD, XPS and FTIR. By immobilizing PANI/Au composites on a glassy carbon electrode (GCE) surface, the electrocatalytic activity of the composites towards the oxidation of NADH was studied. 
Experimental details

Preparation of PANI nanotubes
In a typical synthesis, 1.5 mmol of FeCl 3 ·6H 2 O was dissolved in 10 ml hydrochloric acid aqueous solution (pH = 4.0) containing 0.075 mmol MO with stirring for 30 min, then 1.5 mmol of aniline monomer was added and stirred for another 5 min. After that, they were placed in a 15 ml Teflon inner-container, then the Teflon inner-container was loaded into the preheated autoclave and the autoclave was sealed with plumbing pliers and transferred quickly into the oven. The autoclave was maintained at 120
• C for 24 h. The autoclave was taken out and allowed to cool to room temperature after the reaction was completed. The resulting solution was centrifuged, and the precipitate was washed with distilled water and ethanol thoroughly to remove excess ions and monomers. The final product was dried in vacuum at 40
• C for 24 h. To understand the effect of the experimental condition on the morphologies of PANI nanotubes, parallel experiments were carried out by changing the pH value of the solution, the hydrothermal temperature and the reactant molar ratio.
Preparation of PANI/Au composite nanotubes
The Au colloid was prepared according to the reported method by boiling HAuC1 4 aqueous solution with trisodium citrate. The average diameter of the prepared Au NPs was about 20 nm. PANI nanotubes were added into the desired volume of Au colloid under ultrasound for 20 min. Au NPs could be adsorbed on the surface of PANI, leading to the formation of a PANI/Au composite. By adjusting the concentration of PANI in the Au colloid, the amount of Au NPs adsorbed on the PANI surface could be controlled.
Preparation of PANI/Au and PANI-modified glassy carbon electrodes
The glassy carbon electrode (GCE, 3 mm in diameter) was mechanically polished with emery paper, then with 1.0, 0.3 and 0.05 μm alumina slurry on a polish cloth, rinsed with water, briefly cleaned in an ultrasonic bath and stored in water. PANI or PANI/Au composite nanotubes were dispersed in distilled water to form a 1.0 mg/3.0 ml solution and ultrasonically treated for 30 min. 10 μl of the above colloidal solution was dropped onto the pretreated GCE surface and allowed to dry under ambient conditions. 
Characterization
Transmission electron microscopy (TEM, JEOLJEM-200CX) was used to observe the morphologies of the products. The x-ray diffraction (XRD) patterns were taken on a Philip-X'Pert x-ray diffractometer with a Cu Kα x-ray source. The molecular structure of different products was characterized by Fourier transform infrared (FTIR) spectroscopic measurement which was performed on a Bruker model VECTOR22 Fourier transform spectrometer using KBr pressed disks. X-ray photoelectron spectroscopic (XPS) analysis was carried out on a ESCALAB MK II x-ray photoelectron spectrometer. All electrochemical experiments were performed using a CHI-660B electrochemical workstation in a conventional threeelectrode cell containing phosphate buffer solution (PBS, 0.1 M) at room temperature, using a coiled platinum wire as the auxiliary electrode, a saturated calomel electrode (SCE) as the reference electrode and a PANI/Au-(or PANI-) modified electrode as the working electrode. Electrolyte solutions were purged with high purity nitrogen prior to experiments and blanketed with nitrogen during electrochemical experiments.
Results and discussion
Effect of experimental conditions on morphology of PANI
With a fibrillar complex of FeCl 3 and methyl orange (MO) acting as the reactive self-degraded templates, PANI nanotubes were successfully synthesized using the hydrothermal method in 120
• C via in situ polymerization. Figure 1 shows the typical transmission electron microscopy (TEM) images of PANI nanotubes synthesized under different pH value circumstances. TEM images reveal the morphological evolution of the obtained PANI, varying from nanofiber to nanotube with the increase of pH values from 1.0, 2.0, 4.0 to 6.0. When pH was lower than 1.0, only PANI nanofibers were observed as shown in figure 1(a) . Similar structures were obtained when ammonium peroxysulfate (APS) was used as the oxidant. As pH increased from 0.1 to 2.0, a few PANI nanotubes appeared among the irregular products ( figure 1(b) ). When pH reached 4.0, neat nanotubes were obtained while nanofibers disappeared. This result is shown in figure 1(c). An interesting experimental phenomenon emerged when pH increased to 6.0, i.e. some grains were strewed among the nanotubes ( figure 1(d) ). X-ray diffraction (XRD) spectra verified that these spheres were Fe 2 O 3 which resulted from hydrolysis of FeCl 3 , as was consistent with the previous report [17] . Therefore, it was reasonable to infer that the pH value was a dominant factor for morphological control during the formation of PANI nanotubes. MO could only act as a template in a non-strong acid medium (pH 4.0), but when the pH of the medium became high, it could easily induce the hydrolysis of oxidant (FeCl 3 ). Thereby, pH 4.0 was considered as the optimal value and used in the subsequent experiments. The morphological dependence on the reactants' molar ratio was studied by altering the reactant molar ratios of In addition, the effect of hydrothermal temperature on morphological change was investigated by putting the autoclave containing Teflon inner-container in different temperatures: (100 • C; 120 • C; 140 • C). TEM images revealed that all products were nanotubular, i.e. the morphologies obtained at various reaction temperatures were similar. This not only proved that the effect of hydrothermal temperature on the morphological change of PANI product could be neglected, but further confirmed that the pH value and the reaction molar ratio were the key factors in morphology evolution. 120
• C was selected in further experiments.
Formation mechanism of PANI nanotubes
The polymerization of aniline monomer using FeCl 3 as oxidant has been examined previously by a number of groups [36] . However, few papers reported using a fibrillar complex of FeCl 3 and methyl orange (MO) as reactive selfdegraded templates in hydrothermal conditions. MO, which contains a hydrophilic group (-SO − 3 ), possesses an anionic characteristic when dissolved in water. It could dimerize at a concentration of 1 mM or form higher oligomers between 5 and 10 mM [37, 38] . Besides, complexation could be achieved through the reaction between organic compounds like phenol or dye and flocculant like Al 3+ or Fe 3+ [39] . Here, FeCl 3 not only played the role of oxidant, but also was considered as a flocculant that suppressed the electrostatic repulsions among MO aggregations. Moreover, it reacted with these negatively charged aggregates of MO in solutions, then destabilized the charged particles and built an amorphous aggregate [40, 41] . Subsequently, when aniline monomer was added into the solution, polymerization occurred on the surface of MO where the oxidant FeCl 3 was adsorbed and MO itself degraded automatically during the polymerization process. The schematic illustration of MO molecular structure and the possible polymerization mechanism are shown in figure 3 . In order to confirm this polymerization reaction mechanism, parallel experiments were carried out. First, ammonium peroxysulfate (APS) was used as oxidant to replace FeCl 3 . TEM pictures indicated that only fibrillar morphology was observed. This phenomenon was conformed with the previous report [41] and suggested that a remarkable relation existed between the complex of FeCl 3 and MO and the formation of PANI nanotubes. Second, polymerization was performed just in the FeCl 3 and aniline monomer system without MO. TEM images revealed that irregular structure was obtained. This result further confirmed the template role of the complex played in the synthesis. Third, the morphology of the obtained FeCl 3 -MO precipitates was examined by TEM before aniline monomer was added. The TEM image of the obtained FeCl 3 -MO precipitates (see the supplementary information (available at stacks.iop.org/Nano/19/145607)) indicated that the complex was fibrillar with a diameter of about 400 nm.
Here, it could be concluded that the formation of PANI nanotubes had a close relationship with the presence of the complex of FeCl 3 and MO. The unique characteristic of the complex is that it possessed nano-ordered morphology and could degrade automatically without the subsequent templateremoval treatment.
Because the surface of citrate-stabilized Au NPs was electronegative, when the polycationic PANI nanotubes were introduced into the Au colloid, Au-decorated PANI composite nanotubes could be formed through an electrostatic effect, as shown in figure 4.
Structural characterization
The x-ray diffraction (XRD) data, Fourier transform IR (FTIR) spectra, x-ray photoelectron spectroscopy (XPS) were used to characterize the structure of PANI and PANI/Au composites. The XRD patterns of PANI synthesized with different reactant molar ratios are shown in figure 5 . As can be seen in figure 5 (A) and (B), when the molar ratio of FeCl 3 /MO was at a lower value of 10 and 15, except for the broad band appearing at a 2θ value of 25
• which was ascribed to the periodicity parallel to the polymer chains of PANI [42] (012), (104), (110), (113), (024), (116), (214) and (300) • was observed, which illustrated that the neat PANI products could be obtained (figures 5(C) and (D)). PANI/Au composites with different contents of Au NPs were also characterized by XRD patterns (see the supplementary information available at stacks.iop.org/Nano/19/145607). Compared with the neat PANI, three additional peaks at 38
• , 43
• and 65
• , representing Bragg reflections from (111), (200) and (220) planes of Au (JCPDS Cards 04-0784) were observed. This indicated the existence of Au NPs in the PANI/Au composite. It was also noticed that, during the formation of PANI/Au composite, the relative diffraction peak intensity for Au NPs was increased as the concentration of PANI nanotubes in the Au colloid decreased. This showed that the number of Au NPs adsorbed onto the surface of PANI nanotubes would be increased as a bigger volume of Au colloid was imported in the dispersion system with a fixed amount of PANI product. The bigger amounts of Au NPs adsorbed onto the surface of PANI nanotubes thus led to an increase of the relative peak intensity. (For convenience, 1 mg PANI in 1 ml Au colloid is abbreviated to PANI/Au (I); 1 mg PANI in 2 ml Au colloid is abbreviated to PANI/Au (II).)
The FTIR spectra of neat PANI and PANI/Au composites with different contents of Au NPs (see the supplementary information available at stacks.iop.org/Nano/19/145607) showed the characteristic peaks of neat PANI. Wavenumbers of 1594 and 1500 cm −1 were assigned to the C=C stretching of the quinoid and benzenoid rings respectively [43] . The peak at 1305 cm −1 was related to the C-N stretching mode [44] and the 1145 cm −1 N=Q=N (Q denoting the quinoid ring) stretching mode [45] . The peak at 826 cm −1 was attributable to the out-of-plane bending of C-H [46] , and the peak at 690 cm −1 to the N-H bending vibrations of the emeraldine salt [34] . In the case of PANI/Au (I) and (II), the spectra were quite similar to that of the neat PANI. In order to further verify the existence of Au in the composite, XPS was also used to characterize the samples (see the supplementary information available at stacks.iop.org/Nano/19/145607). Different from the spectrum of neat PANI, a new peak at about 85.80 eV was observed in the spectrum of the composite. This value corresponded to Au 4f [4] and marked the presence of Au in the composite.
Electrocatalysis towards NADH
Because over 300 dehydrogenases are dependent on the coenzyme of nicotinamide adenine dinucleotide in its reduced (NADH) and oxidized (NAD + ) forms [47] , so the monitoring of enzymatically generated NADH is very important in both practical analysis and biochemical synthesis. Although the reversible potential of the NADH/NAD + couple is estimated to be −0.32 V (versus normal hydrogen electrode), the direct electrochemical oxidation of NADH at bare electrodes could only occur at high overpotentials, e.g. 1.1 V at carbon [48] or 1.3 V at platinum [49] . This is because the oxidation of NADH to NAD + involves the transfer of two electrons and one proton, as well as the cleavage of a C-H bond. Thus, the design of chemically modified electrodes for the oxidation of NADH at low potential is consequently of great practical interest and has invited much attention from the chemical community.
Nanosized colloidal Au particles, apart from their large specific surface area, good biocompatibility and suitability for many surface immobilization mechanisms, can effectively promote the electron transfer rate. With these advantages, it is used broadly in the design of electrochemical biosensors [50, 51] . Herein, the PANI/Au composite was employed to develop an NADH biosensor with GCE as the substrate electrode. The electrocatalytic response to the oxidation of NADH was detected via cyclic voltammetry (CV) and amperometry. Figure 6 shows the electrocatalytic response of the PANI/Au (II)-modified GCE in 0.2 M PB of pH 7.0 containing different concentrations of NADH. There was no obvious current in the blank PB. Nevertheless, the anodic current increased significantly when 1.0 mM NADH was added, indicating the oxidation of NADH. The catalytic current increased as NADH concentration became higher, which indicated that the catalytic current was determined by the concentration of NADH. In order to confirm that the current was caused by the Au NPs immobilized on the PANI film, voltammetric behaviors of differently modified electrodes in 0.2 M PB of pH 7.0 containing 1 mM NADH are compared in figure 7 . The current responses to NADH of the PANImodified GCE ( figure 7(A) ) and the PANI/Au (I)-modified GCE (figure 7(B)) were both lower than that of the PANI/Au (II)-modified GCE ( figure 7(C) ), meanwhile, the oxidation peaks were much higher. That is to say, as larger numbers of Au NPs were adsorbed onto the PANI nanotubes, the catalytic current would be higher and the oxidation peak lower. These results implied that the enhanced electrocatalytic activity was mainly due to the accelerated electron transfer rate caused by the Au NPs. Here, Au NPs, acting like nanoscale electrodes, promoted the electron transfer rate and provided the necessary pathways between the analyte and the electrode. The PANI matrix served mainly as a point of attachment for the Au NPs and as an electron mediator, shuttling electrons between Au NPs and the electrode surface. The amperometric response of the PANI/Au (II)-modified GCE to NADH was investigated as the NADH concentration was successively increased under stirring conditions. The typical current-time curve of the sensor is plotted in figure 8 . When an aliquot of NADH was added into the stirring buffer solution, the reduction current rose sharply to reach a steadystate value. The fast response could be attributed largely to the abundant Au NPs immobilized on the PANI film which could effectively promote the electron transfer rate between the analyte and the electrode. The inset of figure 8 shows the calibration curve of the sensor. The linear range of the NADH detection was from 1.0 μM to 0.035 mM (the correlation coefficient was 0.9845, the sensitivity is 0.027 μA μM −1 , n = 15), and the detection limit was estimated to be 0.35 μM based on the criterion of a signal-to-noise ratio of 3.
Further studies showed that this sensor was stable. When it was stored at 4
• C for one week and used for measurements intermittently, the sensor retained more than 83.7% of its initial response to the oxidation of 2 mM NADH. This long-term stability could be assigned to the strong interactions between the Au NPs and PANI nanotubes.
Conclusion
PANI nanotubes were synthesized using the hydrothermal method with a suitable pH value and molar ratio of the reactants. During the process, a fibrillar complex of FeCl 3 and MO, acting as a reactive self-degraded template, directed the growth of PANI on its surface and promoted the assembly into nanotubular structures. A PANI/Au composite was obtained as Au NPs were adsorbed onto the PANI surface. Furthermore, this kind of material was applied to the chemically modified GCE and showed enhanced electrocatalytic activity towards the oxidation of NADH in comparison with that of the pure PANI-modified electrode. This method could thus be extended to the preparation of other composite nanotubes with different compositions. and 20325516). This work is also supported by the National Basic Research Program of China (2006CB933201).
